Introduction
============

Erythropoietin is a glycoprotein mostly known for its function as a hematopoietic hormone, which is secreted from the adult kidneys in response to hypoxia. Erythropoietin receptor has been detected not only in hematopoietic cells, but also in multiple non-hematopoietic tissues, such as endothelial, skeletal muscle, and neuronal compartments, heart, kidney, pancreas and uterus, suggesting cytoprotective effects on non-erythroid cells.^[@b1-1030061]^ In contrast to low concentrations that are sufficient for proper erythropoiesis, other tissues appear to require relatively high concentrations of erythropoietin that are not normally reached in the circulation.^[@b2-1030061]^ The structure of the erythropoietin receptor in some non-hematopoietic cells is distinct from that of the receptor responsible for erythropoiesis, being a heterodimer consisting of the beta common receptor subunit (CD131) in combination with the erythropoietin receptor subunit.^[@b2-1030061],[@b3-1030061]^.

The skeletal system also appears to be influenced by erythropoietin; however, the action of this glycoprotein on bone is still under debate. In most studies, erythropoietin has been shown to stimulate mesenchymal stromal cell (MSC) differentiation towards osteoblasts *in vitro*^[@b4-1030061]--[@b7-1030061]^ as well as to increase bone formation and the number of osteoblasts *in vivo*,^[@b8-1030061]--[@b10-1030061]^ especially if ephrinB2/EphB4 signaling is concomitantly activated.^[@b6-1030061]^ Moreover, certain observations in patients with fractures suggested accelerated fracture healing after erythropoietin treatment,^[@b11-1030061]^ and erythropoietin treatment of hemodialysis patients also improved the formation of bone matrix.^[@b12-1030061]^ Typically, the anabolic action of erythropoietin in animal models has been explained through indirect mechanisms, such as an increase in vascularization and tissue oxygenation due to an increase in hemoglobin level. Another possible indirect mechanism represents the concept of coupling hematopoiesis with bone formation through the stimulation of BMP2 secretion by hematopoietic stem and progenitor cells (HSPC).^[@b5-1030061]^ The impact of erythropoietin on the communication of osteoblasts and HSPC-derived osteoclasts through the ephrinB2/EphB4 signaling pathway may also explain the stimulation of the osteoblastic phenotype.^[@b6-1030061]^

Contradictory observations have been made by other groups,^[@b13-1030061],[@b14-1030061]^ who have demonstrated bone loss after erythropoietin treatment. In particular, erythropoietin has been shown to directly stimulate osteoclastogenesis both *in vitro* and *in vivo*.^[@b15-1030061]^ In addition, *OPG* expression is increased after erythropoietin treatment, suggesting a compensatory mechanism aimed at attenuating the bone resorption.^[@b16-1030061]^ It is important to notice that different erythropoietin dosages can lead to opposite effects, as supraphysiological erythropoietin concentrations induced mineralization, whereas moderate concentrations suppressed bone formation and inhibited osteoblast differentiation in mice.^[@b17-1030061]^ It is very likely that erythropoietin may have both anabolic and catabolic actions in bone depending on experimental conditions. Moreover, it has been suggested that response to erythropoietin is more robust in younger animals than in older animals.^[@b18-1030061]^

Myelodysplastic syndromes (MDS) represent clonal disorders, mainly of the elderly, characterized by ineffective hematopoiesis and an increased risk of transformation into acute myeloid leukemia. The diverse interactions within the osteo-hematopoietic niche in MDS and the potential contribution of the niche to the pathogenesis of MDS have only recently been appreciated.^[@b19-1030061]^ Several studies have reported on the dysregulation of the Wnt pathway in MSC from MDS patients, with activation of non-canonical and suppression of canonical Wnt pathway.^[@b20-1030061],[@b21-1030061]^ Moreover, the methylation status of Wnt antagonist genes has been shown to correlate with a poor prognosis in MDS.^[@b22-1030061]^ However, the potential connection of increased erythropoietin levels due to ineffective erythropoiesis or erythropoietin supplementation in MDS patients and a deregulated Wnt pathway has not been yet evaluated.

Keeping in mind the contradictory data about the action of erythropoietin on bone in grown vertebrates, and based on the observation that MDS patients, who are mostly elderly and often display excessive erythropoietin levels, as well as osteoporosis,^[@b23-1030061]^ we aimed to evaluate the influence of erythropoietin on osteoblasts derived from patients with MDS to clarify the potential association between erythropoietin levels and their effects on bone formation.

Methods
=======

Patients
--------

MSC were collected from young (22--49 years, both genders) and old (55--89 years, both genders) healthy donors and MDS patients (51--90 years, both genders) following Institutional Review Board approval and having obtained written informed consent. The MDS patients' characteristics are presented in *Online Supplementary Table S1*). Heparinized bone marrow samples were obtained at diagnostic bone marrow puncture or during total hip arthroplasty operations.

Culture of human mesenchymal stromal cells
------------------------------------------

The culture conditions of MSC are described in detail in the *Online Supplementary Materials and Methods*. Cells were treated with erythropoietin alfa (10--100 IU/mL, EPREX, Janssen-Cilag). In most experiments, differentiation medium was applied for 10 days. The dosage of erythropoietin was chosen according to previous publications,^[@b3-1030061]^ as well as personal experience showing that 50 IU/mL erythropoietin are required to induce anabolic effects in MSC. In certain experiments, cells were treated with parathyroid hormone intermittently for 8 h three times a week (PTH, 100 ng/mL, Preotact, Nycomed) and/or lithium chloride continuously (25 mM).

Alizarin red staining
---------------------

Osteoblast mineralization was assessed using Alizarin red staining. The details of the method are described in the *Online Supplementary Materials and Methods*.

RNA isolation, reverse transcription, and real-time polymerase chain reaction
-----------------------------------------------------------------------------

Total RNA was isolated with the High Pure RNA Isolation kit (Roche, Mannheim, Germany) according to the manufacturer's protocol. Five-hundred nanograms of RNA were reverse transcribed using Superscript II (Invitrogen, Darmstadt, Germany) und subsequently used for SYBR green-based real-time polymerase chain reactions (PCR) (Applied Biosystems, Carlsbad, CA, USA). The primer sequences and PCR conditions are listed in the *Online Supplementary Materials and Methods*.

Wnt profiler polymerase chain reaction array
--------------------------------------------

Cells were differentiated with osteogenic medium for 7 days and treated with 50 IU/mL erythropoietin for 24 h. Afterwards, RNA was isolated as described above, reverse transcribed using the RT^2^ First Strand Kit (SABioscience) and 500 ng cDNA were subjected to the Wnt profiler PCR array (PAHS-043Z) containing 84 Wnt-related genes according to the manufacturer's protocol (SABioscience). Genes were normalized to the mean of five house-keeping genes (*β-actin*, *GAPDH*, *B2M*, *HPRT1*, *RPLP0*).

TCF/LEF-reporter assay
----------------------

A TCF/LEF-reporter assay (Qiagen) was done using the murine myoblast C2C12 cell line, which is commonly used to study BMP and Wnt signaling. These cells were treated with erythropoietin (10--500 IU/mL) for 24 h. Details of this method can be found in the *Online Supplementary Material*.

Co-culture of CD34^+^ cells with primary human mesenchymal stromal cells
------------------------------------------------------------------------

Primary MSC were plated at a density of 1--2 × 10^4^/cm^2^ in DMEM with 10% fetal calf serum and pre-treated with erythropoietin 50 IU/mL and/or lithium chloride 25 mM for 7 days. Afterwards, CD34^+^ cells were co-cultured with MSC for 7 days and counted using a hemocytometer. Moreover, a 4-week cobblestone area forming-cell assay was performed with or without pretreatment of the MSC layer. A detailed description of the culture conditions is given in the *Online Supplementary Material*.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad Prism software version 5.01 (GraphPad Software, La Jolla, CA, USA). Data are presented as mean ± standard deviation (SD). Statistical evaluations of two group comparisons were performed using a two-sided Student *t*-test or two-way ANOVA test. A *P*-value of less than 0.05 was regarded as statistically significant.

Results
=======

Distinct effects of erythropoietin on differentiation of osteoblasts from young and old healthy donors and patients with myelodysplastic syndromes
--------------------------------------------------------------------------------------------------------------------------------------------------

In order to determine the influence of erythropoietin on the differentiation potential of MSC towards osteoblasts, we treated human MSC from young and old healthy donors, as well as from patients with MDS, with erythropoietin. Using MSC from young donors, we could confirm previously published data^[@b3-1030061]--[@b7-1030061],[@b24-1030061]^ and showed an increased mineralization upon erythropoietin treatment, with the strongest induction being seen at concentrations above 50 IU/mL ([Figure 1A](#f1-1030061){ref-type="fig"}). Expression of *ALP* and *OPG* was also significantly increased up to 1.5-fold after treatment with 50 IU/mL erythropoietin ([Figure 1B](#f1-1030061){ref-type="fig"}), whereas the expression of *RUNX2* and *OSTERIX* did not change (*data not shown*).

![Different effects of erythropoietin on differentiation of osteoblasts from young and old healthy donors and patients with myelodysplastic syndromes. Human mesenchymal stromal cells from young healthy donors (A--B), MDS patients and age-matched healthy donors (C) were differentiated towards osteoblasts in the presence of various concentrations of erythropoietin (Epo). The mineralization was visualized with Alizarin red S staining and quantified after elution with cetylpyridinium chloride (A, C). Gene expression analysis of alkaline phosphatase (*ALP*) and osteoprotegerin (*OPG*) using real-time polymerase chain reaction in MSC from young healthy donors after treatment with 50 IU/mL Epo for 10 days (B). N=3--5. \**P*\<0.05, \*\**P*\<0.01, *ns* -- not significant *vs.* control (CO).](10361.fig1){#f1-1030061}

In contrast, when we evaluated the effect of the same concentration of erythropoietin on MSC from old healthy donors and MDS patients, we did not observe an induction in matrix mineralization ([Figure 1C](#f1-1030061){ref-type="fig"}). None of the erythropoietin concentrations ranging from 10 IU/mL to 100 IU/mL was able to increase the mineralization. Furthermore, the lack of effect was also independent of the MDS subtype or risk group (*data not shown*). In order to exclude the possibility that the lack of effect was due to the absence of erythropoietin receptor in MSC from elderly patients, we determined the level of *EPOR* expression and found no significant difference between the three groups (*Online Supplementary Figure S1*).

The basal differentiation potential of MDS-MSC was significantly reduced compared to that of MSC from age-matched healthy donors ([Figure 1C](#f1-1030061){ref-type="fig"}), which is in line with previous reports.^[@b20-1030061]^

Erythropoietin inhibits canonical Wnt signaling which is already suppressed in mesenchymal stromal cells from patients with myelodysplastic syndromes
-----------------------------------------------------------------------------------------------------------------------------------------------------

Based on previous reports showing deregulated Wnt signaling in MDS patients and the prominent role of this pathway in osteoblastic differentiation, we compared the expression of Wnt-related genes in differentiated osteoblasts from MDS patients and age-matched healthy donors using a PCR-based Wnt array. A change of at least 2-fold in gene expression between patients and the control group was considered significant. Transcripts of 18 genes out of 84 Wnt-related genes were differentially expressed between patients and controls. Four genes were validated using quantitative PCR ([Figure 2A](#f2-1030061){ref-type="fig"}; *Online Supplementary Table S2*). To validate the data obtained from the PCR array, we evaluated the mRNA expression of differentially regulated genes, namely, target genes of the canonical Wnt pathway *JUN*, *FOSL1* and *CCND1* and a receptor of the canonical Wnt pathway *FZD4* (*Online Supplementary Figure S2*). In accordance with the PCR array data, the mean relative mRNA expression of genes related to the canonical Wnt pathway was significantly downregulated in MDS patients compared to controls. Additionally, there was a tendency to an increased concentration of the Wnt inhibitor Dkk1 in the MSC culture supernatants from the patients (*data not shown*).

![Erythropoietin inhibits canonical Wnt signaling, which is already suppressed in mesenchymal stromal cells from patients with myelodysplastic syndromes. (A) Human mesenchymal stromal cells from old healthy donors and MDS patients were compared using Wnt profiler polymerase chain reaction (white bars). Afterwards, osteoblasts from MDS patients were treated with 50 IU/mL erythropoietin (Epo) for 24 h and were compared to untreated cells (black bars). All genes presented in the bar graph were significantly regulated (*P*\<0.05). N=3. (B) Murine myoblast C2C12 cell line was transfected with the Signal TCF/LEF Reporter and treated with increasing Epo concentrations for 24 h. Luciferase activity was assayed 24 h after treatment. N=4. \**P*\<0.05, \*\**P*\<0.01 *vs.* control.](10361.fig2){#f2-1030061}

We then treated MDS-MSC with erythropoietin to evaluate whether it could influence the canonical Wnt pathway, even in the absence of its action on osteoblastic differentiation. Interestingly, we observed a strong upregulation of *GSK3B*, which is a known inhibitor of the canonical Wnt pathway, whereas *MMP7* and *CCND1* -- target genes of the canonical Wnt pathway -- were downregulated ([Figure 2A](#f2-1030061){ref-type="fig"}; *Online Supplementary Table S3*). In addition to gene expression analyses, we also examined the effect of erythropoietin on Wnt promoter activity using a TCF/LEF promoter assay. Wnt promoter activity was induced in C2C12 cells using the supernatants from Wnt3a-overexpressing L-cells. After treatment with increasing concentrations of erythropoietin, the TCF/LEF promoter activity was significantly reduced at high concentrations (100 IU/mL) ([Figure 2B](#f2-1030061){ref-type="fig"}). Hence, erythropoietin targets several components of the canonical Wnt pathway, which most likely contributes to its inhibition in MDS-MSC.

Activators of the canonical Wnt pathway can restore the attenuated osteoblast differentiation of erythropoietin-treated mesenchymal stromal cells from patients with myelodysplastic syndromes
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To further explore the role of a deregulated Wnt pathway in MDS-MSC after erythropoietin treatment, we evaluated osteoblast differentiation following reactivation of canonical Wnt signaling. We, therefore, used lithium chloride due to its known ability to inhibit GSK3B,^[@b25-1030061]^ which was significantly upregulated in erythropoietin-treated osteoblasts. In addition, intermittent parathyroid hormone treatment was used, as this hormone is applied therapeutically as a bone-forming agent in severely osteoporotic patients and exerts its effects, among other ways, through stimulating the canonical Wnt pathway.^[@b26-1030061]^

Parathyroid hormone further increased matrix mineralization in osteoblasts from young healthy donors treated with erythropoietin ([Figure 3A](#f3-1030061){ref-type="fig"}). In erythropoietin-treated MDS-MSC, parathyroid hormone also improved the mineralization capacity ([Figure 3B](#f3-1030061){ref-type="fig"}). A similar stimulatory effect was observed after concomitant treatment of erythropoietin with lithium chloride, which indicates that reactivation of the canonical Wnt pathway improves the differentiation capacity of osteoblasts from MDS patients.

![Activators of the canonical Wnt pathway can restore the attenuated osteoblastic differentiation of erythropoietin-treated mesenchymal stromal cells from patients with myelodysplastic syndromes. Human mesenchymal stromal cells from young healthy donors (A) and MDS patients (B) were differentiated towards osteoblasts in the presence of 50 IU/ml erythropoietin (Epo) with intermittent 100 ng/mL parathyroid hormne (PTH) or 25 mM lithium chloride (LiCl). The mineralization was visualized with Alizarin red S staining and quantified after elution with cetylpyridinium chloride. N=3--5. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 *vs.* control (CO).](10361.fig3){#f3-1030061}

Hematopoietic support by erythropoietin-pretreated mesenchymal stromal cells
----------------------------------------------------------------------------

One of the main functions of MSC in the bone marrow is the support of hematopoiesis. Disturbances in its function as a consequence of excessive erythropoietin levels can also affect the support of HSPC. We, therefore, performed co-culture experiments with HSPC and MSC from healthy individuals or MDS patients pretreated with erythropoietin with or without lithium chloride, as a reactivator of the deranged canonical Wnt pathway. After 7 days of co-culture with erythropoietin-pretreated MSC, we observed a tendency for a reduction of CD34^+^ HSPC ([Figure 4A,B](#f4-1030061){ref-type="fig"}), whereas CD38 expression was slightly increased or not affected in most cases suggesting a differentiation-supportive effect of erythropoietin. When the canonical Wnt pathway was reactivated in MSC using lithium chloride the numbers of CD34^+^ and CD38^+^ cells were mostly expanded and even surpassed the initial level without MSC pretreatment in some cases ([Figure 4A,B](#f4-1030061){ref-type="fig"}). CD90 (Thy-1), which marks more immature HSPC, was not affected by MSC pre-treatment (*data not shown*).

![The hematopoietic support by erythropoietin-treated mesenchymal stromal cells is inhibited but can be restored by Wnt pathway activation. Human mesenchymal stromal cells (MSC) were pretreated with erythropoietin (Epo) 50 IU/mL and/or lithium chloride (LiCl) 25 mM for 7 days and co-cultured with freshly isolated CD34^+^ HSPC. After 7 days, flow cytometric analysis was performed for the non-adherent cells. (A) Number of CD34^+^ cells and (B) number of CD38^+^ cells. Each dot represents the percentage of positive-stained cells; each graph represents one donor/patient. (C) After 4 weeks of co-culture, the number of cobblestone area-forming cells (CAF-C) was determined in each well. A colony-forming unit (CFU) assay was performed in methylcellulose medium for 2 additional weeks and the colonies were classified under a microscope for HSPC co-cultured with (D) young healthy MSC, (E) old healthy MSC and (F) MDS MSC. N=3--5. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001](10361.fig4){#f4-1030061}

Next, we investigated the colony potential of pre-treated MSC in long-term co-cultures with CD34^+^ HSPC. The number of cobblestone area forming-cells as readout for active stromal support was significantly reduced in erythropoietin-pretreated MSC from young and old healthy donors (8.25±1.89 *versus* 3.5±1.9 and 8.0±1.4 *versus* 3.5±0.7) whereas the already diminished potential in MDS MSC was only slightly decreased (4.2±0.83 *versus* 2.2±0.84). Interestingly, lithium chloride completely restored the hematopoietic support capacity, which even rose above the basal level (12.0±1.4/13.0±1.5/7.0±2.4) ([Figure 4C](#f4-1030061){ref-type="fig"}).

To study the clonogenic potential of HSPC cultured on pretreated MSC layers, a colony-forming unit assay was performed. Compared to controls, the total number of colonies was significantly reduced in co-cultures with erythropoietin-pretreated MSC from all three groups. Again, lithium chloride abrogated this effect and the number of colonies was comparable to those of untreated controls ([Figure 4D--F](#f4-1030061){ref-type="fig"}). Moreover, significant differences could be detected for clonogenic progenitors of granulocytes and macrophages of MSC from old healthy donors and MDS patients, respectively ([Figure 4E,F](#f4-1030061){ref-type="fig"}).

Discussion
==========

Erythropoietin and erythropoiesis-stimulating agents are among the main treatment options for anemia in patients with low-risk MDS.^[@b27-1030061]^ However, the erythroid response is observed in a relatively low number of patients and often not sustained,^[@b28-1030061]^ which is in part due to endogenously elevated erythropoietin levels because of ineffective erythropoiesis in many patients.^[@b29-1030061]^ We speculated that a sustained endogenous elevation of erythropoietin levels or iatrogenic erythropoietin therapy in MDS patients might contribute to the dysregulation of the osteo-hematopoietic niche, at least partly due to its effects on MSC and osteoblasts.

In fact, we could confirm previous publications, which postulated the stimulation of osteoblastic differentiation of MSC when exposed to erythropoietin.^[@b4-1030061]--[@b7-1030061]^ However, we could not observe the same effect in MSC from older healthy donors or patients with MDS, although the level of *EPOR* expression did not differ. Of note, effective erythropoietin concentrations in our experiments were higher than previously published, which can be explained by a different source of cells, as we used primary donor material cultured in our laboratory, whereas in other papers rodent cells^[@b5-1030061]--[@b7-1030061],[@b24-1030061]^ or commercially available MSC^[@b3-1030061],[@b4-1030061]^ were used. Interestingly, effects were only seen when we used the α-form of erythropoietin, whereas we could not observe the biological activity in MSC using a mixture of different erythropoietin isoforms (*data not shown*). This raises the question whether the effect of endogenous erythropoietin on bone metabolism in patients may differ from that of exogenous erythropoietin treatment in MDS and other disorders, which requires further studies.

Further, the basal rate of osteoblast differentiation was significantly lower in MDS patients, which was associated with the downregulation of the canonical Wnt pathway.^[@b20-1030061]^ The genes coding for the Wnt receptor *FZD4* as well as for target genes of the canonical Wnt pathway (*JUN*,^[@b30-1030061]^ *FOSL1*,^[@b31-1030061]^ *CCND1*) were suppressed in the MDS group. Interestingly, another study found an upregulation of *JUN* and *CCND1* in MDS-MSC compared to the control group.^[@b21-1030061]^ However, in that study, patients with lymphoproliferative disorders without bone marrow involvement were selected as a control group, which may influence the results due to the known role of the Wnt pathway in lymphocyte development.^[@b32-1030061]^ We considered patients without hematological disorders who underwent total hip arthroplasty as a control age-matched group, which allowed us to exclude the bias due to hematological diseases.

Whereas the signaling pathways activated upon erythropoietin treatment in HSPC are relatively well known, signaling cascades in non-hematopoietic cells including osteoblasts are still a matter of debate. Activation of mTOR, AKT,^[@b4-1030061]^ Jak2 and PI3K^[@b3-1030061]^ has been shown to be involved in the anabolic action of erythropoietin in human MSC. Activation of the canonical Wnt pathway was also detected upon erythropoietin treatment in MSC during neuronal differentiation^[@b33-1030061]^ and kidney epithelial cells.^[@b34-1030061]^ Despite the inability of erythropoietin to promote the differentiation of MDS-MSC, we observed a molecular derangement in the canonical Wnt pathway following erythropoietin treatment. As such, *GSK3B* was strongly upregulated, whereas target genes of the canonical Wnt pathway (*MMP7*, *CCND1*) were downregulated. Supporting this observation, we demonstrated the inhibition of the canonical Wnt pathway in the C2C12 myoblast cell line upon erythropoietin treatment. However, this effect was detected only at high erythropoietin concentrations (starting from 100 IU/mL) reflecting different cellular sensitivities to erythropoietin. It is already known, that pharmacological activation of canonical Wnt signalling in MDS-MSC with a GSK3B inhibitor increases their proliferative potential and upregulates the expression of early osteoblastic genes.^[@b20-1030061]^ We evaluated if the same effect could be observed when reactivation of the canonical Wnt pathway is reached by compounds used in clinical practice, such as lithium salts used in bipolar disorders and, especially, parathyroid hormone, approved for the treatment of osteoporosis. Both medications in standard *in vitro* concentrations showed their effectiveness in restoration of osteoblastic differentiation of erythropoietin-treated MDS-MSC. Importantly, it is already known that parathyroid hormone does not further increase erythropoietin levels *in vivo*,^[@b5-1030061]^ which is relevant, based on the knowledge that excessive erythropoietin concentrations negatively influence the osteo-hematopoietic microenvironment. Interestingly, we could recently show an increased risk of osteoporosis in patients with MDS.^[@b23-1030061]^

Pretreatment of MSC with erythropoietin reduced the number of early CD34^+^ progenitors. Therefore, because MDS-MSC already have a reduced capacity to support myeloid and erythroid colony forming potential,^[@b20-1030061],[@b35-1030061]^ excessive erythropoietin levels could further deteriorate hematopoiesis. In turn, reactivation of the canonical Wnt pathway in MSC can restitute or even surpass the initial number of CD34^+^ cells and colony potential in the co-culture. Thus, in addition to its positive influence on bone metabolism and known effectiveness in osteoporosis, activators of the canonical Wnt pathway might also improve hematopoiesis in MDS patients, potentially in those with endogenously elevated erythropoietin levels.

In conclusion, erythropoietin failed to stimulate MSC from patients with MDS to differentiate towards osteoblasts, at least in part due to the inhibition of the canonical Wnt pathway, which is intrinsically less activated in MDS-MSC compared to age-matched healthy controls, suggesting age-dependent erythropoietin resistance. Reactivation of canonical Wnt signaling does not only restore osteoblastic differentiation capacity, but also promotes hematopoiesis, which provides a potential rationale for the therapeutic use of Wnt-activators in MDS patients.
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